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Malargüe, Argentina
11
Universidad Tecnológica Nacional - Facultad Regional Buenos Aires, Buenos
Aires, Argentina
12
University of Adelaide, Adelaide, S.A., Australia
13
Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, RJ, Brazil
14
Universidade de São Paulo, Instituto de Fı́sica, São Carlos, SP, Brazil
15
Universidade de São Paulo, Instituto de Fı́sica, São Paulo, SP, Brazil
16
Universidade Estadual de Campinas, IFGW, Campinas, SP, Brazil
17
Universidade Estadual de Feira de Santana, Brazil
18
Universidade Federal da Bahia, Salvador, BA, Brazil
19
Universidade Federal do ABC, Santo André, SP, Brazil
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and Sezione INFN, Torino, Italy
50
INFN, Laboratori Nazionali del Gran Sasso, Assergi (L’Aquila), Italy
5

51
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Abstract
We derive lower bounds on the density of sources of ultra-high energy cosmic rays from the lack of significant clustering in the arrival
directions of the highest energy events detected at the Pierre Auger
Observatory. The density of uniformly distributed sources of equal
intrinsic intensity was found to be larger than ∼ (0.06 − 5) × 10−4
Mpc−3 at 95% CL, depending on the magnitude of the magnetic deflections. Similar bounds, in the range (0.2 − 7) × 10−4 Mpc−3 , were
obtained for sources following the local matter distribution.
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Introduction

Even many decades after the discovery of Ultra-High Energy Cosmic Rays
(UHECRs), their sources remain elusive. The study of UHECR arrival directions is likely to provide signiﬁcant insight into the still open question of
their origin. The trajectories of charged cosmic rays, protons and heavier
nuclei, may be signiﬁcantly bent by intervening galactic and extragalactic
7

magnetic ﬁelds, thus losing correlation with their sources. However, UHECR
arrival directions are the most likely to trace their sources, as the magnetic
deﬂections are inversely proportional to the cosmic ray energy.
Also, the UHECR ﬂux from distant sources is expected to be strongly
attenuated by the cosmic ray interactions with the cosmic microwave background, including photo-pion production for ultra-high energy protons (the
so-called GZK eﬀect) and photo-disintegration for heavier nuclei [1]. Hence,
cosmic rays of energy above ∼ 60 EeV (1 EeV ≡ 1018 eV) should mostly
come from nearby sources, closer than about 200 Mpc (see Sec. 4). The
ﬂux suppression measured at the highest energies [2, 3] is consistent with an
extragalactic origin of UHECRs and with an energy attenuation due to the
interaction of cosmic rays with photon backgrounds.
In this context, the observation of clustering in the arrival directions of
UHECRs may shed light on their origin. For small magnetic deﬂections of the
UHECR trajectories, the amount of clustering should reﬂect the density of
local sources. In fact, the smaller the number of sources, the larger will be the
UHECR ﬂux coming from each of them, increasing the clustering signal which
can be measured through the number of observed cosmic ray pairs separated
by an angular distance smaller than the spread due to magnetic deﬂections. A
statistical analysis of the clustering may help in identifying the astrophysical
sources of UHECRs, since diﬀerent populations of astrophysical objects have
diﬀerent characteristic densities ρ, ranging from ρ ∼ 10−3 − 10−2 Mpc−3 for
normal galaxies [4] down to ∼ 10−5 − 10−4 Mpc−3 for Active Galactic Nuclei
(AGN) with X-ray luminosity LX > 1043 erg s−1 [5] and ∼ 10−7 Mpc−3 for
rich clusters of galaxies with mass larger than 1015 M⊙ [6].
Both regular and turbulent magnetic ﬁelds play important roles in determining the strength of UHECR clustering. The regular component of
the magnetic ﬁeld, B, induces a deﬂection δ in the arrival direction of an
UHECR of charge Z and energy E reaching Earth from a distance L along
a trajectory s :
Z L
B
ds
◦ 70 EeV
δ≃3
.
×
E/Z
2 µG
0 2 kpc
A turbulent magnetic ﬁeld with rms amplitude Brms and coherence length
Lc will introduce an additional spread δrms in the arrival direction :
s
L
70
EeV
B
Lc
rms
δrms ≃ 0.5◦
.
E/Z 3 µG 2 kpc 50 pc
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These deﬂections are normalized to typical values of magnetic ﬁeld amplitudes and distances in the Galaxy. The magnitude of the deﬂection induced
by extragalactic magnetic ﬁelds has large uncertainties, with estimates ranging from . 1◦ [7] to ∼ 20◦ [8] for 100 EeV protons.
Since a detailed knowledge of the galactic and extragalactic magnetic
ﬁelds is still missing, we will not attempt to model their eﬀects in this paper.
Rather, our bounds on the density of sources will be given as a function of
the angular scale and will only apply at angular scales larger than the spread
due to magnetic deﬂections.
The UHECR composition at the highest energy is also relevant for the
interpretation of the results presented in this paper. The Pierre Auger Observatory has measured a change of the average shower depth, hXmax i, compatible with a transition from a light composition at 1 EeV to a heavier
composition at 35 EeV, the highest energy for which results using this technique have been reported [9, 10]. Complementary composition observables
derived from the surface detector data including the asymmetry of the signals in the surface detector stations and the depth proﬁle of muon production
points give similar results at the highest energies, extending the results up
to 45 EeV and 65 EeV respectively [11]. HiRes [12] and Telescope Array [13]
have measured hXmax i with larger statistical uncertainties and they allow a
wider range of compositions, including a pure proton one. The interpretation
of measurements of shower depths of maximum in terms of composition relies on extrapolations of hadronic interactions to energies beyond the regime
where they have been tested experimentally. The UHECR composition at
energies above 60 EeV is still not established. If heavy nuclei dominate at
the highest energies, their magnetic deﬂections may be larger than 30◦ (the
maximum angular scale considered in our analysis), in which case our bounds
will not apply.
Estimates of the density of sources in the range 10−6 − few × 10−3 Mpc−3
have been obtained using data from previous experiments under various assumptions on the sources and their distribution [14, 15, 16, 17, 18, 19]. More
recent studies based on the arrival directions of 27 UHECRs (E > 56 EeV)
detected by the Pierre Auger Observatory before August 2007 have led to an
estimate of ρ ∼ 10−4 Mpc−3 [20, 21]. A recent analysis of the autocorrelation
function of UHECRs by the Telescope Array experiment shows no signiﬁcant
departure from isotropy [22].
In this paper, we present an autocorrelation analysis of the arrival directions of the highest energy events detected by the Pierre Auger Observatory
9

until 31 December 2011. Bounds on the density of UHECR sources, assumed
to be of equal intrinsic intensity, were derived for two plausible spatial distribution hypotheses, a uniform distribution and one following the local matter
density as traced by galaxies in the 2MASS Redshift Survey (2MRS) catalog
[23]. A preliminary analysis of an earlier dataset can be found in [24].

2

The Pierre Auger Observatory and the data
set

The Pierre Auger Observatory is located in the Province of Mendoza, Argentina, at the Pampa Amarilla site (35.1◦ – 35.5◦ S, 69.0◦ – 69.6◦ W and a
mean altitude of 1400 m a.s.l.) [25]. The Surface Detector (SD) consists of
1660 water-Cherenkov stations arranged over an area of 3000 km2 in a triangular grid of 1.5 km spacing [26]. The array is overlooked by 27 Fluorescence
Detector (FD) telescopes located on hills at four sites on its periphery [27].
The FD provides a calorimetric measurement of the primary cosmic ray energy by reconstructing the shower development in the atmosphere. Selection
criteria for SD events include requiring the SD station with the largest signal
to be surrounded by at least ﬁve active stations at the time of the event,
and the reconstructed shower core to be inside a triangle of active stations.
The corresponding SD trigger eﬃciency is 100% for E > 3 EeV and zenith
angle θ < 60◦ . The cosmic ray arrival direction is obtained from the times
of arrival of the shower front particles measured by the SD stations, with an
angular resolution better than 0.9◦ for E > 10 EeV [28]. The SD signal at
1000 m from the shower core, determined from a ﬁt of the signals of the SD
stations in the event, is used as an estimator of the cosmic ray primary energy
and the FD is used to calibrate the SD estimator. The energy resolution for
E > 10 EeV is 12%, mainly coming from shower to shower ﬂuctuations, and
the systematic uncertainty on the absolute energy scale is 22% [29]. In this
paper we will consider events with energy thresholds of 60, 70 and 80 EeV
and with zenith angles smaller than 60◦ which were recorded by the Surface
Detector between 1 January 2004 and 31 December 2011. There are 84, 43
and 22 events with energy above 60, 70 and 80 EeV respectively.
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3

The two-point correlation function and the
analysis method

A standard tool for the study of clustering in astronomical arrival directions
is the two-point angular correlation function, n(α), which gives the number
of pairs separated by an angle smaller than α:
n(α) =

i−1
N X
X

Θ(α − αij ),

(1)

i=2 j=1

where Θ is the step function, and αij is the angular distance between events
i and j of N cosmic rays above an energy threshold Ethr .
The number of pairs n(α) above an energy threshold has uncertainties due
to both the energy and angular resolution of the experiment. Events with
true energy close to Ethr may or may not be selected among the N events
with highest energy depending on their measured energy. The uncertainty
on the measured angular distance αij may also aﬀect the determination of
the number of pairs at a given angular scale. The uncertainty on the energy
has the largest eﬀect on the number of pairs for the number of events and
experimental uncertainties in the present data set. In order to estimate the
eﬀect of experimental uncertainties on n(α) we generated 1000 pseudo data
sets by randomizing the energy and direction of each measured event according to the corresponding uncertainty. For each of these pseudo data sets, we
calculated n(α) for the N highest energy events (with N = 83, 43 and 22, the
number of events measured above each of the energy thresholds considered).
From the distribution of these n(α) the uncertainty in the number of pairs
in the data can be derived. As an example, we show in Figure 1 the case
corresponding to Ethr = 70 EeV. The mean number of pairs in the pseudo
datasets is plotted along with error bars attached to each point. These error
bars correspond to a 68% CL derived from the pseudo data sets with a 16%
probability to be above (or below) the bar. The shaded band in Figure 1
represents the 68% CL range of the expected number of pairs for an isotropic
distribution of N arrival directions of cosmic rays, derived from Monte Carlo
simulations which properly included the detector exposure.

The observed distribution of n(α) in Figure 1 is consistent with the expectation for an isotropic distribution of cosmic rays, and the lack of a signiﬁcant
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Figure 1: The two-point angular correlation function for an energy threshold
of 70 EeV. The data points corresponds to n̄(α) and the error bars to the
68% CL uncertainty in the energy and arrival directions. The shaded band
represents the 68% CL range of the expected number of pairs for an isotropic
distribution of the arrival directions of cosmic rays as derived from Monte
Carlo simulations.
clustering signal in the data can be used to establish a lower bound on the
density of sources (the same happens also in the case of the 60 and 80 EeV
energy thresholds). We use as a clustering estimator the mean number of
pairs in the pseudo data sets described above, n̄(α), and compare it with
the results from Monte Carlo simulations of cosmic rays originating from
diﬀerent distributions of sources with N events above the energy threshold,
taking into account the experimental uncertainties and the exposure of the
Observatory. Details of the models for the distribution of sources are given
in Section 4. From these simulations, we obtained the distribution of the
expected mean number of pairs, f (n̄p ; α, ρ), for a given angular scale, α, and
a given density of sources, ρ. In the simulated data sets the energy and the
arrival direction of the events are randomized according to the experimental
uncertainties, and then the mean number of pairs is calculated in the same
12

way as in the real data set. Then, the value of ρ95 which satisﬁes
n̄(α)
X

f (n̄p ; α, ρ95 ) = 0.05

(2)

n̄p =0

provides the 95% CL lower bound on the density of sources. Eq. 2 implies
that when comparing the mean number of pairs within a given angle α obtained in a random simulation with source density ρ95 to the mean number of
pairs of the pseudo data sets, for 95% of the times the ﬁrst one will be larger
than the second one. Note that the clustering estimator used is the mean
of the number of pairs in the pseudo data sets which is compatible with the
experimental uncertainties. This leads to smaller ﬂuctuations in the bound
for diﬀerent realizations of the energy measurement than if just the nominal
number of pairs in the events above the threshold is used, as we have checked
through numerical simulations.
Bounds will be given for angular scales between 3◦ and 30◦ and for different energy thresholds. Deﬂections of about 3◦ are likely for extragalactic
protons of E > 60 EeV, and could be larger for strong extragalactic magnetic
ﬁelds [8] or for heavier nuclei. The clustering pattern expected from a particular source scenario may be smoothed out by the deﬂections introduced
by magnetic ﬁelds. Thus, the bounds obtained at a given angular scale α are
only valid if the spread in the arrival directions due to magnetic deﬂections
is smaller than α.

4

Distribution of sources and simulations

Two plausible scenarios were considered for the spatial distribution of the
sources. These were taken to be either uniformly distributed or to follow the
local distribution of matter in the universe. In both cases, we assumed, for
simplicity, equal intrinsic intensity and the same UHECR energy spectrum
at the sources. The equal intrinsic intensity hypothesis leads to conservative
lower bounds on the density of sources, as a dispersion of the intensity of the
sources leads typically to a larger number of pairs [14]. The presence of magnetic ﬁelds along the cosmic ray trajectories, besides leading to deﬂections in
the arrival directions can also produce a magniﬁcation or demagniﬁcation of
the ﬂux received from each particular source. This eﬀect has not been taken
into account due to the lack of knowledge of the actual galactic and extragalactic magnetic ﬁelds. The magnetic lensing eﬀect is expected to lead to a
13

further dispersion of the apparent intensity of the sources and consequently
to a larger number of pairs on average. The reported lower bounds, obtained
ignoring this eﬀect, are thus conservative (the interval ρ > ρ95 may cover the
true value of ρ with a probability larger than 95%).
Simulations were then performed with the following procedure. For a
given density ρ, a number ns = ρV of sources were homogeneously distributed in a volume V . This volume needs to be large enough to originate
most of the observed UHECR ﬂux at Earth. An estimate of its size was
obtained from Monte Carlo simulations using the CRPropa code [30]. For a
given energy threshold a large number of protons from uniformly distributed
sources, with an initial energy spectrum dN/dEi ∝ Ei−s , were followed up
to the Earth, taking into account the relevant energy loss processes. Pion
photoproduction and e+ e− pair production from the proton interaction with
the cosmic microwave background (CMB) were considered. Also, redshift
energy losses were included, assuming a Λ-Cold Dark Matter universe with
Hubble constant H0 = 70 km/s/Mpc, matter energy density Ωm = 0.27 and
dark energy density ΩΛ = 0.73. The fraction of the ﬂux originated from
sources at distances smaller than D is plotted in Figure 2 for diﬀerent energy
thresholds for the case of a spectral index s = 2.2 and a cutoﬀ at 1021 eV.
Its shape was found to change only slightly for values of s between 2 and 2.7
and cutoﬀ energies larger than 1020.5 eV.

From the simulated sources we propagated protons with initial energy
above Emin = Ethr /1.2 and a power law spectrum with spectral index 2.2
and recorded all the events arriving to the Earth with E > Emin , stopping
the simulation after having recorded N events with energy E > Ethr . Events
were simulated with energies down to Emin so that the energies could be
randomized according to the experimental uncertainty as described in the
previous section. We simulated sources within radii of 180 Mpc, 230 Mpc
and 300 Mpc for Ethr = 80 EeV, 70 EeV and 60 EeV respectively, so as
to ensure that most of the potential sources were included (see Figure 2).
The sources from which the events were propagated were selected with a
probability proportional to ǫ(δs , αs )/Ds2 , where ǫ(δs , αs ) is the exposure of the
Observatory towards the direction (δs , αs ) of the source and Ds is the distance
to the source. In order to account for the energy and angular resolution of
the detector, the arrival direction and the energy of the simulated events
were randomized according to the corresponding uncertainties. A sample of
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Figure 2: Fraction of the CR ﬂux coming from distances smaller than D for
diﬀerent energy thresholds and a uniform source distribution. A spectral
index s = 2.2 was assumed for the proton energy spectrum at emission.
2000 sets of N simulated events was used to derive the distribution of the
expected mean number of pairs, f (n̄p ; α, ρ) (see Section 3).

A similar procedure was adopted for the study of sources distributed according to the 2MRS catalog, which maps the distribution of matter through
near infra-red selected galaxies. This catalog provides the most densely sampled all-sky survey, covering 91% of the sky (excluding a region around the
Galactic plane at latitudes |b| < 5◦ for longitude |l| > 30◦ , and |b| < 8◦
for |l| < 30◦ ) [23]. The distance estimated from redshift may be signiﬁcantly
biased by the peculiar velocity for objects with small redshift (z . 0.01). For
these objects, we used the distance measured independently of the redshift
when available in the NASA/IPAC Extragalactic Database (NED). Otherwise, distances were estimated from the redshift. The limit in apparent magnitude of the catalog is K = 11.75. To extract volume limited subsamples
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Figure 3: Absolute magnitude of the galaxies of the 2MRS catalog as a
function of their distance. The volume limited subsample comprises objects
at distances smaller than the vertical lines (solid line, 130 Mpc corresponding
to Ethr = 80 EeV; dashed line, 170 Mpc corresponding to Ethr = 70 EeV;
dotted line, 220 Mpc corresponding to Ethr = 60 EeV) and of magnitude
below the corresponding horizontal line.
which provide useful tracers of the matter distribution, an absolute magnitude cut has to be adopted for any given D. For example, a volume limited
subsample for D = 130 Mpc (from which 90% of the ﬂux above 80 EeV is
expected to originate) is obtained by requiring the absolute magnitude MK
to be less than -23.85, as shown in Figure 3. For D = 170 Mpc and 220 Mpc
(where 90% of the ﬂux above 70 EeV and 60 EeV is expected to originate),
MK < −24.5 and MK < −25 provide the volume limited subsamples respectively. The corresponding densities of objects are ρobj = 1.5 × 10−3 Mpc−3 ,
5.9 × 10−4 Mpc−3 and 1.9 × 10−4 Mpc−3 respectively. Notice that bounds can
be reliably placed only up to densities lower than ρobj , since ﬂuctuations
will be underestimated in the simulations when sampling from a density of
sources ρ ≃ ρobj . We found that bounds for Ethr = 70 EeV and 60 EeV
were too close to the density of objects in the corresponding volume limited
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catalog subsample and thus suﬀered from the sample variance problem. For
the case of sources distributed like galaxies in the 2MRS catalog, we will
hence only quote the results for Ethr = 80 EeV, where bounds were found to
be robust. In order to simulate events down to Emin = Ethr /1.2 ∼ 67 EeV,
it is necessary to consider sources up to a distance of ∼ 180 Mpc. Since the
volume limited subsample corresponding to 180 Mpc would lead to a too low
density of objects we use the cut in magnitude corresponding to 130 Mpc
(Mk < −23.85) but include all the objects in the catalog up to 180 Mpc.
We compensate the relative lack of galaxies at distances larger than 130 Mpc
by including a weighting factor F (DS ) for the sources with Ds > 130 Mpc.
This weighting factor is inversely proportional to the selection function of
the catalog 1 . To determine f (n̄p ; α, ρ), Monte Carlo simulations were performed following a procedure analogous to that of the isotropic distribution
of sources, but with sources drawn from the subsample of the catalog. The
only diﬀerence is that the sources are selected from the catalog subsample
with a probability proportional to F (Ds )ǫ(δs , αs )/Ds2 , with F (Ds ) = 1 for
Ds < 130 Mpc and F (Ds ) = Φ(130Mpc)/Φ(Ds ) for Ds > 130 Mpc.
Notice that the propagation of particles was performed under the assumption that UHECRs are protons. As a matter of fact, the propagation for iron
nuclei and its secondaries, mainly determined by nuclear photodisintegration
through interaction with the CMB and infrared background, leads to a very
similar attenuation of the ﬂux as a function of the energy. Intermediate mass
primary nuclei experience larger energy losses [32], and can thus reach the
Earth only if produced quite nearby. As a consequence, the expected clustering is higher than that of the proton or iron cases, and the 95% CL bounds
for intermediate mass nuclei UHECRs are hence expected to be tighter than
those obtained in this paper assuming a pure proton composition.

5

Results

In this section we derive bounds on the density of sources in the nearby
universe, following the procedures detailed in the previous sections and focusing ﬁrst in the case of uniformly distributed sources. We present the
detailed analysis for a threshold of 70 EeV and then show the results for
1

This is the probability of detecting a galaxy in the survey as a function of the distance,
Φ(r) ∝ r−2 dns /dr, with dns /dr the distribution of objects as a function of the distance
in the catalog.
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the 60 EeV and 80 EeV thresholds. In the two-point correlation analysis, a
higher threshold energy reduces the maximum distance to Earth traveled by
UHECRs, leading to a stronger discrimination of the clustering signal. On
the other hand, the number of selected events may be drastically reduced,
introducing large statistical uncertainties in the derived bounds. Based on
numerical simulations we found that the 70 EeV threshold represents the
preferred balance for the present statistics.
In Fig. 4 we present the results for Ethr = 70 EeV, corresponding to
43 selected events. To illustrate the method, the mean number of pairs at
an angular scale α = 10◦ , n̄(10◦ ), is shown as a function of the density of
sources (left panel). For any given density ρ, the distribution of the expected
mean number of pairs, f (n̄p ; 10◦, ρ), is obtained from simulations (see Section
4). The shaded band in the left panel of Fig. 4 represents the 90% CL of
f (n̄p ; 10◦ , ρ), with 5% of the time the mean number of pairs being above the
band and 5% of the time below it. The value of the mean number of pairs
obtained for the data is indicated by the solid horizontal line. A 95% CL
lower bound on the density of sources at α = 10◦ is then obtained from Eq.
2, corresponding to the value of the density for which the lower end of the
band and the horizontal line intersect. Bounds at other angular scales are
derived with an analogous procedure. We emphasize again that bounds at
a given angular scale α are only valid if the spread in the cosmic ray arrival
directions due to magnetic deﬂections is smaller than α. Thus, we present
in the right panel of Fig. 4 results for angular scales between 3◦ and 30◦ ,
which cover a wide range of potential deﬂections due to magnetic ﬁelds and
for diﬀerent UHECR composition.
The most stringent bound is obtained for α = 3◦ , where the density of
sources is found to be larger than 5 × 10−4 Mpc−3 with 95% CL. For larger
angular scales, the bound is less restrictive, reaching 6 × 10−6 Mpc−3 for
α = 30◦ . The vertical arrows indicate how much the bounds change when
the absolute energy scale of the experiment is shifted by ±22% according
to its systematic uncertainty. To estimate this eﬀect, we assumed that the
true energy threshold for the 43 selected events was Ethr = 55 or 85 EeV,
rather than the nominal 70 EeV, and repeated the procedure to set the lower
bounds. We found that a 22% upward (downward) shift in energy moves
the bounds upward (downward) by about a factor of 3, as indicated by the
vertical arrows.
The 95% CL lower bounds on the density of an isotropic distribution of
sources for Ethr = 60 EeV (N = 84 events) and 80 EeV (N = 22 events) are
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Figure 4: Results for uniformly distributed sources derived for Ethr = 70 EeV
(43 highest energy events). Left: The mean number of pairs at an angular
scale of 10◦ . The blue line and the shaded band represent the mean and 90%
CL limits on the expected number of pairs from Monte Carlo simulations.
The mean number of pairs for the data is indicated by the solid horizontal
line. Right: 95% CL allowed region (shaded area) for the density of sources
as a function of the angular scale. The vertical arrows indicate how much
the bounds change for a 22% shift of the absolute energy scale.
given in Figure 5, together with the bounds at Ethr = 70 EeV. It can be seen
that the bounds are quite stable with respect to the energy threshold choice.
If the intrinsic intensity of the sources were not uniform, a larger clustering
of events is typically expected and thus tighter bounds on the density of
sources would result. We have checked that for a distribution of intensities
with dispersion equal to the mean the bound is shifted up by ∼ 50%.
Stronger bounds on the density of sources are expected to result when
the sources are not uniformly distributed in space, due to the additional clustering of the sources themselves. We explored the possibility that UHECR
sources follow the distribution of matter in the local universe by using the
galaxies in the 2MRS catalog as tracers of the matter distribution. Since
the Galactic plane is masked in the 2MRS catalog, cosmic rays coming from
that region of the sky are not included in this study, which results in N = 20
events above an energy threshold of 80 EeV. This procedure ensures that
simulated and real events can arrive from the same solid angle of the sky.
Due to deﬂections in the regular magnetic ﬁeld the sources of events in the
unmasked region may lie in the mask. We assume that the clustering properties of the sources in both regions are similar. To derive bounds on the
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Figure 5: 95% CL lower bounds on the density of uniformly distributed
sources as a function of the angular scale. Bounds derived with Ethr = 60, 70
and 80 EeV are shown.
density of sources, we followed the same procedure described for the case
of uniformly distributed sources, but with sources drawn from the volume
limited subsample of the catalog (see Section 4). The corresponding 95% CL
lower bound as a function of the angular scale is shown in Figure 6, ranging
from 7 × 10−4 Mpc−3 at α = 3◦ to 2 × 10−5 Mpc−3 at α = 30◦ . A ±22% shift
of the absolute energy scale shifts the bounds as indicated by the vertical
arrows.
In a previous study [33], the arrival directions of events above 55 EeV detected by the Pierre Auger Observatory were found to be compatible with a
model based on 2MRS galaxies for smoothing angles of a few degrees and correlating fractions of about 40%. These parameters are however not strongly
constrained with the present statistics. The clustering analysis considered
here represents a complementary study that probes the density of the sources.
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Figure 6: Bounds on a distribution of sources following the local matter
density traced by the 2MRS catalog galaxies, derived with 20 events above
Ethr = 80 EeV. The shaded area represents the 95% CL allowed region for the
density of sources. The vertical arrows indicate the uncertainty associated
to a 22% uncertainty in the energy calibration.

6

Conclusions

We have used the two-point angular correlation function to study the clustering properties of the arrival directions of UHECRs detected by the Pierre
Auger Observatory. No signiﬁcant excess of pairs up to an angular scale
of 30◦ was found, which provides a lower bound on the density of UHECR
sources.
From the analysis of events with energy above 70 EeV we found that, if
the spread due to magnetic deﬂections is smaller than α = 3◦ , the density
of equal intrinsic intensity sources uniformly distributed in space is larger
than 5.3 × 10−4 Mpc−3 with 95% CL. For larger angular scales, the bound
is less restrictive, reaching 6 × 10−6 Mpc−3 at α = 30◦ . These bounds have
a factor of 3 uncertainty arising from the 22% systematic uncertainty in the
energy scale. The analysis of events with energy larger than 60 and 80 EeV
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yielded comparable limits. We also studied a distribution of UHECR sources
following the local matter in the universe, which was traced by the 2MRS
catalog of galaxies. Bounds on the density of sources were similar, ranging
from 7 × 10−4 Mpc−3 at α = 3◦ up to 2 × 10−5 Mpc−3 at α = 30◦ . Since
the spread in the UHECR arrival directions induced by magnetic ﬁelds may
wash out the clustering signal, a physical interpretation of these bounds is
meaningful only when the spread due to magnetic deﬂections is smaller than
the angular scale.
Even with this limitation, our bounds provide novel insight into the origin of UHECRs. If magnetic deﬂections are limited to a few degrees, as
expected for a light composition of cosmic rays at the highest energies and
weak extragalactic magnetic ﬁelds [7], our data suggest a rather large value
for the source density, ρ > 10−4 Mpc−3 . This value is for instance compatible
with the density of galaxies brighter than 1011 L⊙ [34], but disfavors bright
radio galaxies and AGNs with LX > 1043 erg s−1 as the main source of the
observed ﬂux of cosmic rays above 70 EeV. On the other hand, lower values
of the density are allowed for large magnetic deﬂections, as expected for a
predominantly heavy composition or stronger extragalactic magnetic ﬁelds.
In this case, the observed clustering is still compatible with the density of
some types of AGNs, like Seyfert galaxies or low luminosity, Fanaroﬀ-Riley
I, radio galaxies.
This paper has made use of the NASA/IPAC Extragalactic Database
(NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space
Administration.
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